We report integral and differential cross sections for elastic scattering of electrons by XH 4 (X ϭC, Si, Ge, Sn, Pb) molecules for energies between 3 and 10 eV. We use the Schwinger multichannel method with pseudopotentials ͓Bettega et al., Phys. Rev. A 47, 1111 ͑1993͔͒ at the static-exchange and static-exchange plus polarization approximations. We compare our results with available theoretical and experimental results and find very good agreement. In particular, our results show Ramsauer-Towsend minima for all XH 4 molecules.
I. INTRODUCTION
Elastic collision of low-energy electrons with CH 4 , SiH 4 , and GeH 4 has been the subject of several experimental ͓1-16͔ and theoretical ͓17-32͔ works. Among these molecules, CH 4 is the most investigated, followed by SiH 4 and then by GeH 4 . The other two molecules of this series, SnH 4 and PbH 4 , have received very little attention. In the theoretical side, most studies have been concerned with the Ramsauer-Townsend minimun that appears in the elastic cross section of CH 4 , SiH 4 , and GeH 4 at very low energies ͑in general, below 1 eV͒. These studies have employed ab initio methods ͓17,20-23,25,32͔ and methods based on model polarization potentials ͓18,19,26 -31͔. There are also studies which considered higher energies and used the staticexchange approximation ͓17,21,22,32͔.
In the present paper, we report elastic integral, and differential cross sections for electron scattering by XH 4 molecules. We used the Schwinger multichannel ͑SMC͒ method with pseudopotentials at the static-exchange ͑SE͒ and staticexchange plus polarization ͑SEP͒ approximations. Our calculations were mostly carried out for energies between 3 and 10 eV. Polarization is included in a sufficient amount to give results that are comparable with other calculations and with experiment in this energy range.
II. THEORY
The SMC method ͓33-35͔ and its implementation with pseudopotentials ͓36͔ have been described in detail in several publications. Here we will describe only the relevant points concerning the present work.
The SMC method is a variational method which results in the following expression for the scattering amplitude:
where
͑3͒
In the above equations,
͘ is a solution of the unperturbed Hamiltonian H 0 and is a product of a target state and a plane wave, V is the interaction potential between the incident electron and the electrons and nuclei of the target, ͉ m ͘ is a set of (Nϩ1)-electron Slater determinants ͓con-figuration state functions ͑CSF's͔͒ used in the expansion of the trial scattering wave function, Ĥ ϭEϪH is the total energy of the collision minus the full Hamiltonian of the system, with HϭH 0 ϩV, P is a projection operator onto the open-channel space defined by the target eigenfunctions, and G P (ϩ) is the free-particle Green's function projected on the P space. The ͑direct͒ configuration space is constructed as
where ͉⌽ 1 ͘ is the target ground-state wave function, described at the Hartree-Fock level of approximation, ͉ i ͘ is a one-electron function, and A is the antisymmetrizer. To take polarization into account, the configuration space is enlarged by including CSF's of the type
͑5͒
where ͉⌽ j ͘ are virtual states of the target obtained from the ground state by single excitations, and ͉ u ͘, as before, is a one-electron function. To construct the ͉⌽ j ͘ states, we made single excitations from the occupied orbital to a compact set of polarized orbitals ͓23,37͔. These orbitals are defined by
where ͉ i ͘ is an occupied orbital, x is a component of the dipole moment operator, and j runs over the Hartree-Fock virtual orbitals. An orthonormal set of orbitals is constructed using the Schmidt orthogonalization procedure, from the polarizing orbitals and the residual scattering orbitals. All polarized and virtual orbitals are used as scattering orbitals.
III. COMPUTATIONAL DETAILS
The cross sections were computed by the Schwinger multichannel method, along with the norm-conserving pseudopotentials of Ref. ͓38͔, at the SE and SEP approximations at the ground-state equilibrium geometry shown in Table I . For the central atoms, the basis set used in our bound state and scattering calculations are shown in Table II and were obtained according to a variational procedure described in Ref.
͓39͔. The basis set for the hydrogen used in the calculations of GeH 4 , SnH 4 , and PbH 4 is shown in Table III . For the hydrogen in the CH 4 calculations, we included one extra s-type function with exponent 0.03 and used one p-type function with exponent 0.15, and for SiH 4 we used one p-type function with exponent 1.0. For the XH 4 molecules but methane, we included three s-type functions ͑with exponents equal to 1.6, 0.4, and 0.1͒ at chargeless centers. These centers, together with the hydrogens, complete the cube centered at the X atom. With these sets, we obtained 1532 CSF's for CH 4 , 1988 CSF's for SiH 4 , and 2360 CSF's for GeH 4 , SnH 4 , and PbH 4 . The polarizabilities for the above molecules are shown in Table IV , and are calculated using the sum-over-states method ͓40͔.
IV. RESULTS AND DISCUSSION
We show in Figs. 1 and 2 our calculated integral cross sections ͑ICS͒ for XH 4 between 3 and 10 eV. We present the ICS obtained at the SE and SEP approximations for the purpose of comparison. In Fig. 1 In Figs. 3 and 4 , we present the differential cross sections ͑DCS͒ for CH 4 at 3 eV, 5 eV, 7.5 eV, and 10 eV. In Fig. 3 ͓16͔ . There is good agreement between the theoretical curves and the experimental points, except for the fact that the results of Machado et al. present a rise for angles below 30°, which agrees with the experimental data of Bundschu et al. At 3 eV, our DCS present the same shape as that of the others shown in this figure, but is larger for angles below 100°. In Fig. 4 , we compare our SEP and SE results, which shows that for CH 4 , polarization is important for almost all impact energies below 10 eV.
The DCS for SiH 4 at 3 eV, 5 eV, 7.5 eV, and 10 eV are shown in Figs. 5 and 6. In Fig. 5 results of Jain et al., which show a deep minimun especially at 3 eV and 5 eV. The DCS of Lee et al. and Jain et al. show the same behavior at the forward direction, being greater than ours in magnitude ͑since we are using a logarithmic scale, this difference is minimized by this scale͒. This rise in the forward direction may be due to the long-range part of the model polarization potential used by both methods, which behaves as Ϫ␣ 0 /2r 4 , where ␣ 0 is the polarizability. We believe that the contribution of the DCS at low scattering angles is responsible for the raise of the ICS of Jain et al. and Lee et al. seen in Fig. 1. Figure 8 compares our SEP and SE DCS. As for SiH 4 , polarization seems to be important for GeH 4 for energies below 5 eV.
In Figs. 9 and 10, we show our SEP and SE DCS for SnH 4 and PbH 4 . For these molecules, the SEP and SE DCS are very close at higher impact energies ͑5 eV and above͒, except near the forward-scattering direction, where the longrange polarization potential ͑determined by the polarizability͒ plays a major role.
From the differential cross-section plots, we may observe that, in general, polarization emphasizes the d-wave character of the DCS for the heavier systems. We have also investigated the ICS for all XH 4 molecules at lower energies ͑be- Table IV , we see that the calculated polarizabilities become worse as the size of the molecule grows, which would significantly affect the cross sections below 1 eV, where the minima are found.
V. SUMMARY
We have presented elastic integral and differential cross sections for elastic scattering of electrons by XH 4 molecules.
Our calculations included polarization effects and our results agree very well with other theoretical results and with experiments available in the literature in the energy range between 3 and 10 eV. Our results show that polarization effects are important for all XH 4 molecules. According to our results, all XH 4 molecules present Ramsauer-Townsend minima.
